In keeping pace with the exponential growth in network traffic, it is imperative to explore new multiplexing degrees of freedom in addition to wavelength, time, intensity and phase. The next frontier in free-space optics (FSO) envisages the eigenmode of an optical resonator as a new multiplexing degree of freedom. This paper focuses on mode division multiplexing of two parallel 2.5Gbps channels on spiral-phased Hermite-Gaussian modes HG 10 and HG 11 for free-space optical interconnects at a wavelength of 850nm. The signal-to-noise ratios, eye diagrams and modal analyses are investigated.
INTRODUCTION
Free-space optics (FSO) technology transpires from prevailing wireless communications and optical fiber communications. FSO uses a high-speed optical carrier to enhance transmission capacity without an optical fiber.
1, 2 FSO is appropriate for indoor applications such as losses due to scattering, absorption, turbulence and scintillations indoors are constrained in relation to the atmospheric noise level outdoors. 3 A pioneer application for indoor FSO is remote patient monitoring for vital signs such as breathing, blood coagulation, and heart rate. 4, 5 Most FSO systems adopt wavelength division multiplexing (WDM) to enhance channel capacity. 6, 7 Although WDM has been the workhorse for several decades, bandwidth-rich applications, proliferation of smart mobile devices and device-to-device connections have increased network traffic significantly. 8, 9 In keeping pace with the escalating traffic growth, it is imperious to explore new multiplexing degrees of freedom for increasing the channel capacity.
The next frontier in FSO envisages the optical eigenmode of an optical resonator as a new multiplexing degree of freedom. In mode division multiplexing (MDM) ___________ * angela amphawan.dr@ieee.org optical eigenmodes are used to drive the propagation of a number of independent channels. 10 Appreciable progress has been made by various mode generation mechanisms using spatial light modulators 11, 12 , optical signal processing [13] [14] [15] [16] , few mode fibers 17, 18 and photonic crystal fiber mode couplers 19 to provide distinct data channels and prevent modal crosstalk.
Nevertheless, MDM is still at its infancy in FSO and a few types of mode profiles are being explored for prospective channels in FSO MDM. In Refs. [20, 21] , the performance of MDM of orbital angular momentum (OAM) modes was evaluated through free-space turbulence under various atmospheric turbulences and system penalties. In Ref. [22] , expressions for average intensity and effective size of Laguerre-Gaussian (LG) and Bessel-Gaussian Schell-model (BGSM) beams are derived to analyze the effects of turbulence and laser coherence on the beam profile. In Ref. [23] , analytical expressions related to the Wigner distribution function of a Laguerre-Gaussian Schell model (LGSM) beam in turbulent atmosphere were computed to investigate statistical properties of the coherence and propagation factor. In Ref. [24] , the spectral density of cosine Gaussian-correlated Schell-model (CGSM) beams diffracted by an aperture is derived to investigate the effect of the spectral density distribution of CGSM beams. In Ref. [25] , two 2.5GHz 10GHz radio-modula{ted subcarrier data streams from two picocells 500m apart were switched on two 850nm optical Hermite-Gaussian mode carriers HG00 and H03. In Ref. [26] , HermiteGaussian modes HG 01 and HG 03 were used for MDM in a 5Gbps-10GHz 800m FSO link. In this paper, instead of using pure HG modes, we introduce two spiral-phased HG modes for FSO MDM using vortex lenses and analyze the modal decomposition. The remainder of the paper is organized as follows. Section 2 elucidates the main features of the MDM model and simulation parameters. Section 3 describes the results and discussions, followed by the conclusion in Section 4. Fig.1 shows a block diagram of proposed FSO model using spiral-phased HG modes designed in OptiSystem software. 27 As shown in Fig. 1 , the proposed architecture consists of two independent non-return-to-zero (NRZ) encoded channels, each carrying 2.5 Gbps data stream over an 850nm optical spatial carrier. Two laser modes of spot size 5µm are used for data transmission: HG 1, 0 for Channel 1 and HG 1, 1 for Channel 2.The HG mode is described mathematically as: 
SYSTEM DESCRIPTION
(1) A vortex lens is used to apply a spiral phase transformation to each HG mode generated as shown in Fig.2 . The applied phase is given by the following:
where f is the focal length of the lens, m is the vortex index and n is the refractive index. For Channel 1, the vortex lens (3) where defines receiver aperture diameter, is the transmitter aperture diameter, is the beam divergence, R is the range and is the atmospheric attenuation. At the receiver side, the transmitted mode is extracted based on non-interferometric modal decomposition [30] . The output mode is then fed to a spatial PIN detector followed by lowpass Gaussian filter to retrieve the original baseband signal.
RESULTS AND DISCUSSION
In this section, results from our proposed MDM based FSO link are presented and discussed. The signal-to-noise ratio (SNR) and total received power at the receiver are shown in Fig. 3 and Fig. 4 respectively. Both SNR and total received power graphs demonstrate that Channel 1 carrying spiral-phased HG10 performs better than Channel 2 carrying spiral-phased HG 11. The SNR deteriorates with FSO range for Channel 1 with SNR values of 34.11dB, 19.36dB and 9.19dB for Channel 1 for a FSO link of 200m, 600m and 1000m respectively. The SNR for Channel 2 declines with a slightly steeper slope, with SNR values of 30.52dB, 10.11 dB and 2.32dB for a distance of 200m, 600m and 1000m respectively. On the other hand, the total power received for Channel 1 are -65.43dBm, -80.31dBm and -90.14dBm whereas for Channel 2, the total received power is -69.22dBm, -89.18dBm and -97.32dBm for a FSO link of 200m, 600m and 1000m respectively. The modal content at the receiver is computed in terms of power coupling coefficient of linearly polarized (LP) modes using noninterferometric modal decomposition [19] , arranged in the order of descending power coupling coefficient, as shown in Fig. 5 . For Channel 1, the power 
CONCLUSION
In this work, 2 x 2.5 Gbps data transmission is realized for a 400m indoor FSO link by MDM of two independent channels on spiral-phased HG10 and HG 11 modes. The results reveal that Channel 1 propagating spiral-phased HG 1,1 mode with vortex index, m = 1 is more robust than Channel 2 propagating spiral-phased HG0,1 mode with vortex, m = 3. The model may find applications in optical interconnects in mega data centers.
